Abstract-The lightning return stroke current is an important parameter for considering the effect of lightning on power lines. In this study, a numerical method is proposed to evaluate the return stroke current based on measured electromagnetic fields at an observation point in the time domain. The proposed method considers all field components and the full wave shape of the current without the use of a special current model as a basic assumption compared to previous methods. Furthermore, the proposed algorithm is validated using measured fields obtained from a triggered lightning experiment. The results show a good agreement between the simulated field based on the evaluated currents from the proposed method and the corresponding measured field at a remote observation point. The proposed method can determine current wave shapes related to a greater number of lightning occurrences compared to the direct measurement of the current.
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INTRODUCTION
The lightning return stroke current is an important parameter for the evaluation of the effect of lightning on power lines as the lightning can influence a power network both directly and indirectly. For the direct effect, lightning strikes a tower or a power line while an indirect effect is caused by lightning striking the ground or any object around a power line and a voltage will be induced on the power line by coupling between the electromagnetic fields of the lightning and the line conductors. Several studies have been completed to evaluate the return stroke current which can be categorized into two groups; i.e., direct measurement of the current [1] and inverse procedure algorithms based on measured electromagnetic fields for the determination of the return stroke current [2, 3] . In the direct measurement method, the current can be measured by setting current coils at the top of towers or by using the artificial triggered lightning technique to measure channel base currents [1, [4] [5] [6] . On the other hand, indirect methods can evaluate the return stroke current using measured fields and they can cover a greater number of lightning occurrences compared to direct measurement [7] . Different methods are available to evaluate the current although some of these methods only consider the fields measured at a far distance from the lightning channel and ignore the electrostatic and induction components of the fields [7] [8] [9] [10] [11] [12] . Furthermore, some methods evaluate the current by using measured fields that are recorded up to intermediate distances from the lightning channel [3, [13] [14] [15] , although they can only determine the current values at only selected sample frequencies The current model is a basic assumption in these methods. In this study, a general algorithm for the evaluation of the return stroke current using measured electromagnetic fields is proposed which considers the different field components unlike the previous methods. It can also evaluate the full shape of the currents at different heights using an unknown current model based on measured electromagnetic fields. In addition, the proposed method is validated using measured fields obtained from a triggered lightning experiment and the results are discussed accordingly. The basic assumptions in this study are as follows:
1-The lightning channel is a vertical channel on the surface of the ground. 2-The effect of lightning branches on the fields is ignored. 3-The ground conductivity is assumed to be infinity. 4-The surface of the ground is assumed to be flat.
RETURN STROKE CURRENT
The return stroke current can be considered in two areas i.e., the channel base current and the currents at different heights along a lightning channel. The channel base current can be simulated using current functions while the constant coefficients of these functions are determined using measured currents. On the other hand, the current behaviour at different heights along a lightning channel can be modelled via different current models as follows [16] :
1-The gas-dynamic models [17] [18] [19] . 2-The electromagnetic models [20] [21] [22] . 3-The distributed circuit models [23] [24] [25] . 4-The engineering models [26] [27] [28] [29] [30] .
In this study, the sum of two Heidler functions is selected as a general form of current function as given by Equation (1) [31] while the result of the current evaluation based on the proposed algorithm can be expressed by this function. Therefore, the constant parameters of the current function will be determined using the proposed method based on the measured fields. Noted that the total amplitude of channel base current is dependent on combination of both Heidler functions. 
Furthermore, the general form of the engineering current models is set for consideration of the current behaviour at different heights along a lightning channel as expressed in Equation (2) while the attenuation height dependent factors are the unknown parameters that can be determined by the proposed method [16, [32] [33] [34] ]
where:
z is the temporary charge height along lightning channel, I(z , t) is current distribution along lightning channel at any height z and any time t, I(0, t) is channel base current, P (z ) is the attenuation height dependent factor, v is the current-wave propagation velocity, v f is the upward propagating front velocity, u is the Heaviside function defined as
THE ELECTROMAGNETIC FIELDS ASSOCIATED WITH A LIGHTNING CHANNEL
The electromagnetic fields due to a lightning channel at an observation point above the surface of the ground can be evaluated by Equations (3) and (4) based on the geometry of the problem as illustrated in Figure 1 [35] . Therefore, the magnetic flux density and the vertical electric field can be evaluated by linear expressions directly in the time domain without needing to apply any extra conversions. In this method the lightning channel is divided into a number of sub channels at different steps of ∆t based on variation of charge height along real and image channels while the length of each sub channel in real and image channels is evaluated by ∆h and ∆h , respectively. Likewise, Figure 1 . The geometry of lightning channel with respect to observation point. each sub channel is divided into a number of subparts (k) and the electromagnetic fields are evaluated by combination these sub channels and subparts using Trapezoid and FDTD methods. Therefore, the accuracy of results has an inverse relationship with the value of ∆t and a direct relationship with the value of k parameter. However with the increase of accuracy, the processing time will also be longer.
r is the radial distance from lightning channel, z is the height of observation point with respect to ground surface, B ϕ is the magnetic flux density due to lightning channel, E z is the vertical electric field due to lightning channel, dEz dt is the derivative of vertical electric field to time, c is the light speed in free space, ε 0 is the permittivity of free space, µ 0 is the permeability of free space, n max is maximum number of time steps, ∆t is time step,
k is division factor (>= 2) Figure 2 . The geometry of the required field sensors in the proposed method.
EVALUATION OF RETURN STROKE CURRENT USING MEASURED ELECTROMAGNETIC FIELDS
The return stroke current at different heights is evaluated using measured electromagnetic fields at an observation point as shown in Figure 2 . It is important to mention that the measured fields are collected from a triggered lightning experiment that took place in Florida, USA. Figure 2 shows that the observation point is located on the ground surface. Therefore, the temporary charge heights at both real and image channels are same as the effect of moving charge in the real and image channels on the observation point are equal and they can be considered by doubling the effect of real channel. Thus, Equations (3), (4) and (5) can be simplified by Equations (6), (7) and (8), respectively.
Therefore, the required equation system can be expressed by Equation (9) while Equations (6) to (8) are applied at the observation point for n max samples of electromagnetic fields where n max is the maximum number of time steps as follows:
By setting the k factor at 2 in Equation (9), the values of the attenuation factors (P (z )) at different heights along the lightning channel will be unknown parameters whereby the attenuation factors have a great influence on the terms F i,1 and F i,2 in Equation (9) . Therefore, by entering the general form of current function from Equation (1) for the F i,1 and F i,2 terms of Equation (9) as a basic assumption, six unknown current parameters (i 01 i 02 , τ 11 , τ 12 , τ 21 , τ 22 ) will be evaluated by using the measured electromagnetic fields when n 1 = n 2 = 2. Moreover, the average value of the return stroke velocity along the lightning channel is an unknown parameter in this algorithm.
Furthermore, the number of unknown attenuation height dependent factors in each one of the vertical electric field and magnetic flux density expressions will be 2 × n max . Therefore, by substituting the measured values of the magnetic flux density, the vertical eclectic field and the derivative of the vertical electric field with respect to time into the left side of each field expression in Equation (9), and shifting the left side of the field expressions to the right side, Equation (9) can be converted to Equation (1) while the measured derivative of the vertical electric field with respect to time can be evaluated by using the measured vertical electric field and using the 2nd finite-difference time-domain (FDTD) method [36] [37] [38] .
ϕ (r, z = 0, t n ) is the measured magnetic flux density at time
is the derivative of vertical electric field to time at t n . The values of the unknown parameters in Equation (10) will be 2 × n max + 7 whereby six parameters are for the current and one parameter is for the return stroke velocity and 2× n max parameters are for the attenuation height dependent factors at different heights along the lightning channel. Therefore, in order to reduce the error due to applying the 2nd FDTD method on the vertical electric field for the evaluation of the measured dE z dt , the seven last equations of dE z dt can be entered into the calculations whereby the value of dEz dt at later time periods is lower than for earlier time periods. Thus, Equation (10) can be reduced to a nonlinear equation system with 2 × n max + 7 equations and 2 × n max + 7 unknown parameters as follows:
Equation (11) can be solved by using the Particle Swarm Optimization (PSO) method [39] [40] [41] [42] [43] [44] [45] [46] [47] where each expression in Equation (11) is minimized at the roots of the equation. The PSO searching mechanism is based on the social behavior of a flock of flying birds during their search for food while the position and velocity of the swarm particles are strangely depend on the cooperative communication among all the particles and each individual's own experience at the same time. In order to minimize the function, each PSO particle represents a candidate potential solution with a velocity vector v and a position vector x i . Therefore, for a swarm of y-particles flying in R n hyperspace the velocity and position vectors can be expressed by Equations (12) and (13), respectively as follow;
where: i is the particle index, v is the swarm velocity vector, n is the optimization problem dimension. Therefore, the new position of particle can be expressed by previous location and the velocity as given by Equation (14) . (14) where: S k+1 i
is the particle i in new position at iteration k + 1, S k i is the particle i in old position at iteration k, v k+1 i is the particle i with new velocity at iteration k + 1. Moreover, the velocity update vector related to particle I is presented by Equation (15) as follow; Thus, the velocity updating is more depend on three major components:
(i) The velocity in previous step and the inertia factor (w).
(ii) The individual's own experience of particle (cognitive component). (iii) The intelligent exchange of information between particle i and the swarm (social component).
In this paper, each expression of Equation (11) is set as an objective function and the whole system is considered as a multi objective case where the equations are minimized at the roots. Moreover, the values of c 1 , c 2 and w are set at 2, 2 and 1, respectively. The proposed method can evaluate the full shape of the channel base current while some of the typical inverse procedure algorithms only consider the channel base current at selected frequency samples. In addition, the current behaviour along the lightning channel can be evaluated by using the proposed method based on the measured electromagnetic fields without using any special current model as a basic assumption as opposed to previous methods where the current model has to be clear.
Also, the proposed method considers all the electromagnetic field components while some inverse procedure algorithms are simplified just for the radiation components of fields at far distances from the lightning channel. In most of the commonly used previous methods, the average value of the return stroke current velocity is a basic assumption while it is an unknown parameter in the proposed method and it is evaluated based on the measured electromagnetic fields. Figures 3  and 4 illustrate the measured magnetic flux density and vertical electric field, respectively based on the geometry of the sensors as shown in Figure 2 . The evaluated current parameters based on the proposed method are tabulated in Table 1 . Also, the evaluated channel base current based on the current parameters from Table 1 is illustrated in Figure 5 . Figure 5 illustrates that the peaks of the evaluated channel base currents are at about 15.9 kA. The value of the evaluated peaks can be generally examined by Ampere's law at a close distance (magnetostatics component) from the lightning channel as defined in Equation (16):
The estimated value of the current peak based on Equation (16) The behavior of evaluated attenuation height dependent factors versus temporary height changes along lightning channel. m 2 are substituted into Equation (16) . Note that the peak of the magnetic flux density at r = 15 m is obtained from Figure 3 . A comparison between the current peak from Figure 5 and the estimated current peak based on Ampere's law confirms the evaluated current peak is within an acceptable range. Figure 6 illustrates the behaviour of the attenuation height dependent factors at different heights along a lightning channel. Furthermore, Figure 7 shows the current wave shapes at those different heights along a lightning channel. It is important to mention that the average value of the velocity along a lightning channel is determined to be 1.4752 × 10 8 m/s.
Furthermore, the simulated magnetic flux density at r = 30 m is compared to the corresponding measured field as shown in Figure 9 where the simulated field based on evaluated currents is obtained from the proposed method using measured fields at r = 15 m as illustrated in Figure 8 . Figure 9 shows a good agreement between the wave shapes of the simulated magnetic flux density and the corresponding measured field at r = 30 m. In addition, a quantitative comparison between the simulated field and the corresponding measured field based on Figure 9 is listed in Table 2 as follows. Table 2 shows that the simulated magnetic flux density based on the evaluated currents is much closer to the corresponding measured field at 30 m distance from the lightning channel while the average value of the difference percentage is about 3%. Moreover, the simulated vertical electric field at r = 30 m is compared with the corresponding measured field as shown in Figure 10 , where the simulated field based on evaluated currents is obtained from the proposed method using Figure 8 . The geometry of field sensors in triggered lightning experiment. Table 2 .
The quantitative comparison between the simulated magnetic flux density and the corresponding measured field based on Figure 9 . Figure 9 . Comparison between the simulated magnetic flux density using evaluated currents and the corresponding measured field at r 2 = 30 m. Figure 10 illustrates a good agreement between the simulated vertical electric field and the corresponding measured field at r = 30 m while the difference between them can be due to the error of fields sensor and recorder, the angle of real channel with respect to vertical axis and the variation of return stroke velocity along lightning channel. In this study, the lightning is assumed to be as a vertical channel with a constant value of velocity along lightning channel. Likewise, a quantitative comparison between the simulated field and the corresponding measured field based on Figure 10 is tabulated in Table 3 as follows. Table 3 shows the simulated vertical electric field based on the evaluated currents is in a good agreement with the corresponding measured field with the average value of the percentage difference is about 5%.
The proposed method considers all the field components directly in the time domain compared to previous methods that only supported the radiation components of the electromagnetic fields. Furthermore, the proposed method can evaluate the full shape of the channel base current compared to certain previous methods that can evaluate the current values only at selected frequency samples. On the other hand, the attenuation height dependent factors in the general form of the engineering current models are evaluated based on measured fields in the proposed method while in the previous methods a special current model is introduced as a basic assumption. Moreover, the required sensors in the proposed method are just two field sensors compared to some previous methods that need a greater number of field sensors while synchronization of the recorded fields from a large number of sensors is very complicated. The proposed method can evaluate current wave shapes related to a larger number of lightning occurrences based on the measured electromagnetic fields compared to direct current measurements while in the direct measurement technique the lightning current can be measured by using triggered lightning or lightning strikes the tall towers. It is important to note that the radial distance between the striking point and the field sensors can be determined by a Lightning Location System.
CONCLUSION
In this paper, a numerical method for the evaluation of the lightning return stroke current using measured electromagnetic fields is proposed. The proposed method estimates the current wave shapes at different heights along a lightning channel directly in the time domain while it considers all components of the electromagnetic fields. Furthermore, it is applied to the measured fields from a triggered lightning experiment and the results are validated by comparison between the simulated fields obtained from the evaluated currents and the corresponding measured fields at an observation point. The results illustrate that the proposed method is in a good agreement with the measured fields. Last but not least, the proposed method is applicable to the measured fields due to the greater number of lightning occurrences compared to direct current measurements.
